The S complex of Bacillus subtilis, a set of four proteins that appears to be involved in protein secretion, is shown to be attached to 70S ribosomes: antibody to its 64-kDa component can aggregate these ribosomes, and the complex can be chemically crosslinked to ribosomal proteins. Low Mg2+ or prolonged high-speed centrifugation in a sucrose gradient releases the S complex from the ribosomes, and it is recovered as an aggregate with an S value of 76. Electron microscopy shows that these aggregates have a regular structure, somewhat resembling clathrin cages, with a diameter of about 45 nm. If these aggregates are physiological, their function would differ significantly from that of the signal recognition particle of eukaryotes.
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A 64-kDa protein of Bacillus subtilis, present in the membrane fraction complexed with ribosomes (complexed membrane, CM), appears to be involved in protein secretion since the ribosomes protect it from interaction with protease or antibody (1) ; it is also present in the cytosol (2, 3) . In addition, this protein is present in a complex of four proteins (the S complex), of 64, 60, 41, and 36 kDa, found in large amounts in the membrane-free monosomes (but not in the membrane-polysome complexes or in the cytosol) (3) . These findings suggest that the S complex functions in the initiation step in protein secretion, like the signal recognition particle of eukaryote cells (4) , but it differs significantly: it lacks an RNA molecule (at least as isolated), and it failed to cause translational arrest at the signal sequence of a secretory protein (3) . The distribution of the 64-kDa protein further suggests that in the initiation cycle the other proteins of the S complex may be released after contact with the membrane, while the 64-kDa protein remains attached and then is released at a later stage. This paper shows that the S complex separates from the ribosomes when they are dissociated into subunits by low Mg2+ or by high-speed centrifugation. However, the complex then sediments at about 76 S, rather than at the expected low values. Since the S complex in the monosome fraction can be chemically crosslinked to certain ribosomal proteins and anti-64-kDa IgG can aggregate the monosomes (as shown by electron microscopy), the 76S particle is evidently an aggregate of S complex, formed after release from attachment to the ribosomes. Moreover, after release, but not in the monosome fraction, the S complex is seen in the electron microscope as a specific, organized structure, larger than the ribosome. It is intriguing that this structure somewhat resembles the clathrin cages of eukaryotic cells, which have been implicated in membrane traffic (5 buffer. To decrease contamination with 50S subunits and disomes the preparation was passed through a second 10-30% sucrose gradient and the 70S region was recovered. In another method for preparing monosomes associated with S complex, the initial supernate from the lysate, after the bulk ofthe membrane/ribosomes had been removed by a 1-hr centrifugation (3), was centrifuged over a 1.35 M sucrose cushion (Spinco SW41, 37,000 rpm, 16 hr), which held back the membranes and allowed ribosomes to pellet. The pellet was dispersed in TKM buffer and the 70S fraction was recovered as above. NaDodSO4/Polyacrylamide Gel Electrophoresis. Electrophoresis was conducted as described (2, 3) .
Crosslinking of Ribosomal Proteins to the S Complex. Two A260 units of purified monosome/S complex, in 0.1 ml of 10 mM triethanolamine-HCl, pH 7.6/50 mM KCl/10 mM Mg-(OAc)2, was treated with 40 mM iodoacetamide (15 min, 37°C), followed by 0.4 mg of dithiobis(succinimidyl propionate) per ml as described (3) or by 12 mM 2-iminothiolane as described by Kenny and Traut (7) . After boiling in 0.5% NaDodSO4 and a 1:10 dilution with immunoprecipitation buffer (3) the material was treated with anti-64-kDa antibody 
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in accordance with 18 U.S.C. §1734 solely to indicate this fact. bound to protein A-Sepharose (Pharmacia) as described (3). The immunoprecipitate was solubilized in NaDodSO4 or 9 M urea, crosslinks were cleaved by mercaptoethanol, and the proteins were analyzed by one-dimensional NaDodSO4 gel electrophoresis or by two-dimensional gel electrophoresis (8) .
Preparation of Samples for the Electron Microscope. For examination under the electron microscope it was not necessary to concentrate the samples containing the S complex, described above. For staining a modification ofthe procedure described by Valentine and Green (9) was used. Samples were picked up between carbon and mica as described (10), the carbon was floated from the mica onto 0.5% uranyl acetate, and a copper grid was brought up quickly from the stain solution through an area of the carbon. The grid was then dried with a wick of filter paper.
To test for immune crosslinking, ribosomes (0.116 A260 unit/0.01 ml) or purified S complex (0.03 A280 unit/0.01 ml) was treated with rabbit antibody to the 64-kDa protein or with preimmune antibody (1 mg/nil of IgG) for 30 min on ice, diluted with TKM buffer to a final volume of 0.2 ml, and negatively stained. Control samples, without antibody treatment, were stained in a similar manner. Concentrations used were monosome/S complex, 0.116 A260 unit/0.2 ml and S complex alone, 0.01 A280 unit/0.2 ml.
A JEOL 100B electron microscope was used, operated at 80 kV with a 50-gm condenser and objective aperture.
Chemicals. All were reagent grade from commercial sources.
RESULTS
Separation of S Complex from Ribosomes. As a possible step toward isolating the S complex, we dissociated the ribosomes in the monosome fraction by lowering the Mg2+. We expected the complex either to remain associated with one of the ribosomal subunits or to be released.as a particle (of 200-400 kDa) that would sediment much more slowly than either subunit. However, although the S complex did separate from the dissociated 30S and 50S subunits, it sedimented around the 70S region (Fig. 1) . A similar sedimentation of the S complex was observed when the ribosomes were dissociated and unfolded by excess EDTA (data not shown).
The S complex could also be separated from the ribosomes by centrifuging the 70S/S complex fraction to density equilibrium (Fig. 2) . As would be expected, the separated protein complex was less dense than the ribosomes. When this complex was isolated and analyzed in a 10-30%o sucrose gradient it was also found to sediment at about 70S, as in Fig. 1 .
To determine the size of the separated complex more precisely it was fixed by glutaraldehyde, mixed with similarly fixed ribosomes lacking the complex, and centrifuged. As Fig. 3 Electron Microscopic Demonstration of Attachment of the S Complex to Ribosomes. Though the above findings showed that some S complex could be crosslinked to ribosomes, they did not establish whether much or little of the S complex in the 70S preparation had that location. Therefore, we studied that fraction by electron microscopy. It revealed normal 70S ribosomes, occasionally appearing to have a small appendage (Fig. 4A ). Only a rare aggregated S complex, with a distinctive structure (see below), was seen: fewer than one per 500-1000 ribosome particles, but more frequently after repeated freeze-thawing of the preparation. Thus, it appears that most of the S complex in this kind of preparation is attached to ribosomes, as a particle too small to be seen on most ribosomes.
To demonstrate the attachment more directly and to test for its frequency, we used immunoelectron microscopy, a technique in which dimerization of ribosomes by antibody to specific ribosomal proteins has been used to localize these proteins on the ribosome surface (11, 12) . After incubation of the monosome/S-complex sample with antibody to the 64-kDa protein, the ribosomes appeared as dimers or as larger ag- gregates much more frequently (Fig. 4B ) than in the untreated sample (Fig. 4A ). In addition, small Y-shaped particles, presumably IgG molecules, are seen in the background, and a few appear to be attached to ribosomes. With preimmune serum (Fig. 4C) that of a monosome. Structure of the S Complex Removed from Ribosomes. Electron microscopy also provided an explanation for the homogeneous and high S value of the released S complex. As Fig. 5A shows, that material, separated from the ribosomes by equilibrium density centrifugation, is not amorphous but has an organized structure highly suggestive of a hollow cage, with a diameter of 45-47 nm, which is larger than the ribosome (see Fig. 4D, arrows) . These structures often exhibited a 5-fold (Fig. SA, arrows) or 6-fold symmetry. The surface shows clusters of mass in distinctive pairs or in rings. In rotary shadowing the projection was round for every particle, supporting the inference that the dense staining in the center is within a hollow cage rather than within a flat structure. These particles evidently arose by aggregation of the released S complex in a specific manner.
Many smaller structures, of ca. 10 nm, were also observed, some in pairs and some in rings. These are evidently units of S complex released from the larger, organized structures in the preparation of specimens for electron microscopy, since a 76S preparation, which contained only the four S-complex proteins (not shown), also exhibited both 45-nm and 10-nm particles (Fig. SB) .
The presence of S complex both in the large structures and on the monosomes was confirmed by incubating a mixture of S complex and monosome/S complex with anti-64-kDa antibody. Linking of the cages and monosome/S complex can be seen (Fig. 4D) . Furthermore, some of the presumed IgG Y-shaped molecules can be seen to attach to the large structure.
The aggregated S complex resembles in appearance published pictures ofclathrin cages from eukaryotic cells, and so we compared the two structures in a mixture. As Fig. 6 shows, the bacterial structure, of ca. 45 nm, is somewhat smaller than the clathrin-coated vesicles, whose reported range is 65-125 nm (13) . Small asymmetric structures ofca. 10-15 nm are also seen; they may be subunits (or pairs of subunits) released from either particle during specimen preparation.
In contrast to clathrin cages, which release triskelion subunits when the pH is raised from 6.5 to 7.5 (14) , the S-complex cages did not dissociate into subunits at a pH as high as 8.5 or at pH 6.0 (data not shown).
DISCUSSION
The membrane-free monosome fraction of B. subtilis (probably including polysomes that were fragmented during cell lysis) contains a large amount of the S complex of four proteins (3). The present work shows that in equilibrium density centrifugation, which dissociates the ribosomes (15, 16) , the S complex sedimented separately from the ribosomal particles, at a position of lower density as would be expected from its lack of RNA. Moreover, at low Mg2+ the S complex separated, in zonal sedimentation, from the dissociated ribosomal subunits. However, it sedimented at the unexpectedly high S value of 76 (established by comparison with ribosomes, after glutaraldehyde fixation).
These findings raised the possibility that in the original 70S fraction the S complex might be cosedimenting with, rather than attached to, the ribosomes. However, chemical cross- (X 105,000.) Proc. Natl. Acad. Sci. USA 82 (1985) linking of that fraction demonstrated attachment of the S complex to several proteins of the 50S ribosomal unit, whereas at low Mg2+ this crosslinking was not observed. Moreover, antibody to the 64-kDa component of the complex caused ribosomes to dimerize and aggregate in the 70S/Scomplex fraction but not in a ribosome preparation that lacked the S complex.
In the 70S/S-complex fraction evidently only one or very few S-complex units (of ca. 200 kDa) are attached per ribosome, for in the electron microscope the ribosomes did not differ in appearance from those in a preparation lacking the S complex: the images of a few suggested an additional small protuberance. The two kinds of preparations also did not differ significantly in density when examined in a sucrose gradient after fixation by glutaraldehyde (unpublished). On the other hand, after separation of the S complex from the ribosomes by low Mg2+ or by high centrifugal force, the resulting 76S particles were seen by electron microscopy to be a regular, organized structure, which appears to be icosahedral and hollow; it is clearly not an amorphous aggregate. This structure (diameter, ca. 45 nm) is larger than the ribosome, but its lower density evidently accounts for its sedimentation at a similar S value. The rarity of this structure in the monosome/S-complex fraction confirmed the conclusion that most of the S-complex units in that fraction are attached to ribosomes.
Curiously, the structure of the aggregated S complex somewhat resembles that of the clathrin cages seen in eukaryotic cells (17) . However, there are major differences: the clathrin cages from various sources contain mainly three proteins, of molecular masses 180, 36, and 33 kDa; they have a larger diameter, of 65-125 nm (13) ; and the cages formed in vitro have an S value of about 300 (18) . Also in contrast to clathrin cages (14) , exposure to low pH (6.0) or high pH (8.5) did not dissociate the S-complex aggregates. Finally, clathrin is implicated in a late stage of secretion, the transfer of the proteins from the endoplasmic reticulum to the Golgi apparatus (19) , whereas the S complex appears to be involved in initiating secretion. It is interesting that the dissociated clathrin triskelions can bind to membranes as well as form cages (20) .
Since the S complex is present on ribosomes as a small particle, which is released by low Mg2+, it may be viewed as a third ribosomal subunit, as has been suggested for the eukaryotic signal recognition particle (4) . The large amount recovered in the 70S fraction suggests that a large fraction of the ribosomes in a growing bacterial cell carries the particle. Since the 64-kDa protein is also present, but without the S complex, in membrane-polysome complexes and in the cytosol, it is possible that the S complex breaks up following initiation of secretion; hence, the intact S complex may well not exist free in the cell. We have not yet studied its affinity for ribosomes in various stages of their cycle of translation.
The role of the organized aggregate of S complex is less clear. It may be an artifact of laboratory manipulation, resulting perhaps from hydrophobic forces that promote its interaction with the membrane in the initiation of protein secretion. On the other hand, its uniformity suggests that it has a function. As one possibility, once the S complex on a ribosome recognizes a signal sequence it may change its own conformation in such a way that other S-complex subunits will associate with it and form an organized structure around the emerging protein, thus keeping it isolated from the cytoplasm until contact with the membrane.
This proposed role for the S complex would be quite different from that of the signal recognition particle of eukaryotes, which arrests synthesis of secreted proteins on ribosomes in an in vitro system and then releases the arrest on interaction with added membrane (21) . Using an Escherichia coli in vitro system, we have not been able to demonstrate translational arrest by the B. subtilis S complex (3) . However, in the possible action proposed above for the complex there is no need to postulate such an arrest, as the formation of a protective structure would prevent release into the cytoplasm of a secreted protein whose contact with the membrane is delayed. Furthermore, in bacteria (as well as in eukaryotic cells) post-translational as well as cotranslational secretion have been demonstrated (22, 23) , and the formation of a cage around the secreted protein could be particularly valuable for the former pathway.
Much more evidence would be needed to establish a function for the S-complex aggregates. However, if this model proves to be correct it would suggest that the clathrin system of intracellular protein transport in eukaryotes may have evolved from a system originally present in prokaryotes. It is also interesting to speculate that bacteria may have evolved such a system because their mRNA, unlike that of eukaryotes, is translated as it is being transcribed from the DNA; hence, ifbacteria employed a system involving a signal recognition particle their DNA would have many points of indirect contact, via RNA and via secreting ribosomes, with the membrane. In contrast, a protein transport system involving a sequestering organized structure would simplify the network of contacts.
